A new procedure is described for the preparation of highly purified and stable secretory vesicles from adrenal medulla. Two forms of acetylcholinesterase, a membrane bound form as weil as a soluble form, were found within these vesicles. The secretory vesicles, isolated by differential centrifugation, were further purified on a continuous isotonic PercoU™ gradient. In this way, secretory vesicles were separated from mitochondrial, mierosomal and cell membrane contamination. The secretory vesicles recovered from the gradient contained an average of 2.26 ~mol adrenalin/mg protein. On incubation for 30 min at 37°C in media differing in ionic strength, pH, Mg 2 + and Ca 2 + concentration, the vesicles released less than 20% of total adrenalin. Acetylcholinesterase could hardly be detected in the secretory vesicle fraction when assayed in isotonic media. However, in hypotonie media «400 mosmol/kg) or in Triton X-loO (0.2% final concentration) acetylcholinesterase activity was markedly higher. During hypotonie treatment or when secretory vesicles were specifically lyzed with 2 mM Mg 2 + and 2 mM A TP, adrenalin as weil as part of acetylcholinesterase was released from the vesicular conte nt. On polyacrylamide gel electrophoresis this soluble enzyme exhibited the same electrophoretie mobility as the enzyme released into the perfusate from adrenal glands upon stimulation. In addition to the soluble enzyme a membrane bound form of acetylcholinesterase exists within secretory vesicles, which sediments with the secretory vesicle membranes and exhibits a different electrophoretic mobility compared to the soluble enzyme. It is concluded, that the soluble enzyme found within isolated secretory vesicles is secreted via exocytosis, whilst the membrane-bound form is transported to the cell membrane during this process, contributing to the biogenesis of the cell membrane.
Introduction
During exocytosls secretory vesicles become inserted mto the cell membrane and the veslcle contents are released mto the extracellular fluid. Thls suggests that membrane and secreted protems are transported to the cell membrane via a common pathway [1] . Acetylcholinesterase , in the chrom affin cells of adrenal medulla, exists in both a membranebound form and a secreted form (cf. Refs.2-4). Whether or not both forms are actually present m secretory veslcles of chrom affin cells as precursors of the species secreted or that associated with the outer leaflet of the cell membrane of the chromaffin cell was as yet unknown.
Studies of the composltion and properties of adrenal medullary secretory vesicles have hitherto been hampered by the fragility of isolated secretory veslcles, especlally when further purified on sucrose density gradlents. Because of thls reason, only 'crude' (l.e. obtamed by differential centnfugatJon) secretory veslcles from adrenal medulla were used recentIy for the determmatlOn of the sldedness of membrane proteins [5, 6] .
In this work we report the IsolatIon of hlghly purified adrenal medullary secretory veslcles by differential and density gradient centnfugation usmg Isotomc gradient matenal (Percoll™). The veslcles were remarkably stable compared to veslcles prepared on sucrose gradlents. Acetylchohnesterase was latent m the Isolated secretory vesicles, i.e. the enzyme was inacessible to added substrate, but a marked mcrease m activlty was found when the veslcles were lyzed. The veslcles contain two types of acetylcholmesterase, one type IS membrane bound but faces the intraveslcular space, the other type IS part of the vesicular content. The latter exhibits the same electrophoretic moblhty as the enzyme released by adrenal glands mto the perfusate upon stimulatIOn. The colocation of membrane-bound and secreted acetylcholmesterase wlthm secretory vesicles supports the hypothesIs that the two molecular forms are transported to the cell membranes via the exocytotic pathway.
Prelimmary reports of parts of thls work have appeared elsewhere [7, 8] .
Materials aod Methods

Isolation 01 secretory vesicles
Bovme adrenal glands were obtained at the slaughterhouse. They were kept m an Icecold medium (0.15 M sodlUm chlonde, 5 mM Hepes, 5 mM EDTA, pH 7.0) and where transported to the laboratory withm 2 h after death of the animals. The medullae were cut out and placed into a medIUm contaimng 20 mM Mops, pH 7.0 (adjusted wlth NaOH), 5 mM EDTA and 0.34 M sucrose to gIVe a final osmolahty of about 420 mosmol/kg (isolation medium). All fractiooation procedures were carefully carned out m the cold (0-5°C).
The medullae were chopped into small pleces using sClssors. HomogemzatlOn of the mmce (48 g tissue m 240 ml IsolatIOn medIUm) was performed III a loosefittmg Teflon-to-glass homogemzer by three downward strokes. The homogenate was centnfuged at 2200 X gay for 10 mm. The pellet PI was resuspended m 80 ml isolatIOn medIUm. The supernatant SI was filtered through two layers of cheesecloth and made up to 240 ml wlth Isolation medIUm. After centnfugation at 12000 X gay for 20 mm a pellet of crude secretory veslcles (P 2 ) and a supernatant (S2) was obtamed. S2 was centnfuged at 100000 X gay for 60 mm to sediment microsomes (P 3 ). Aliquots of cell fractions, mcludmg the clear final supernatant S3 were kept for analYSIS. 50 ml Percoll™ (densIty 1.132 g/ml) was dJalyzed tWlce for 7 h against 1 1 IsolatIOn medIUm. The volurne of the dlalyzed Percoll was made up to 100 ml wlth Isolation medIUm. The pellet P 2 (obtamed from 48 g tissue mmce) was resuspended in 8 ml IsolatlOnmedIUm and mIXed wlth 72 ml Percoll prepared as described above. The mIXture was put llltO 9 ml tubes and centnfuged at 35000 X gay for 30 mm using a fIxed angle Kontron TFT 65.13 rotor wlth the brake on.
After centrifugatlOn about 40 fractions were collected from each tube. Fractions 1-18 (startmg from the bottom of the tube) were pooled, as were the remaming fractions. The pools were diluted 1: 5 wlth IsolatIOn medIUm and centrifuged at 100000 X gay for 35 mm. In thls way the subcellular fractions were concentrated as a band above a cushlOn of Percoll and were removed by means of a synnge. The matenal ongmatmg from fractions 1-18 (secretory vesicles, fraction SV) and that from the remaming fractions (mamly mltochondna, fraction R) was resuspended m a small volume of IsolatIOn medIUm. If desired traces of Percoll were removed from fractions SV and R usmg a Biogel column (A 150, 100-200 mesh) eqUlhbrated wlth Isolation medIUm (contaming 1 mM EGTA mstead of 5 mM EDTA). Fraction SV was then concentrated by centnfugatlOn (12000 X gay, for 20 mm). Secretory veslcles ghosts were obtained by dIlutmg fraction SV in a 10-fold excess for 20 mM Mops, pH 7.0, 5 mM EDTA and harvestmg by centrifugatlOn at 100000 X gay for 60 mm at 4°C. The pellet was resuspended m 20 mM Mops, pH 7.0, 5 mM EDTA and recentrifuged (twice ).
Stability 0/ the isolated secretory veslcles
To mvestigate the stablhty of secretory veslcles, concentrated fractJon SV was dlluted lO-fold in media of reduced or mcreased osmolality (by omisSIOn or addition of sucrose), m media of different pH (pH 6.0 and 6.5 buffered wlth Mes, pH 7.5 and 8.0 wlth Hepes) or in media contaming different concentrations of monovalent or divalent catJons. After incubation the mixtures were centrifuged for 5 mm m a Model 3200 Eppendorf centrifuge or for 10 min in a Beckman Airfuge ™ (130 000 X gav) and sampies from the supernatant were taken for determmatIOn of adrenalin, protem or acetylcholinesterase released.
Analytical procedures
Pro tein was determmed [9] by precipitating the sampies with tnchloroacetie acid (10%) and dissolving the protein pellet with desoxycholate/sodmm hydroxIde (2%/3%). The trichloroacetic aCId supernatants were used for the determinatIOn of ascorbate and catecholammes. Adrenalin and noradrenahn were measured by the formation of fluorescent trihydroxymdole derivatives [10] . After rem oval of the catecholammes by adsorption to DOWEX 50 W-X8 [11] , ascorbate was assayed by 11s reduction of 2,6-dlchlorphenohndophenol at pH 4.1 in 0.75 M cltrate/acetate buffer [12] . Glutamate dehydrogenase, an enzyme marker for the m11ochondnal matrix was determined as described [13] in the presence of 0.1% Tnton X-IOO [14] , I mM leucine and 1 mM ADP. Glucose-6-phosphatase [14] served as a marker for membranes orgmating from the endoplasmlc reticulum. The morgamc phosphate released was determined [15] . Acetylcholinesterase, often used as a marker for cell membranes m subfractionatlon studies of the adrenal medulla, was assayed wlth acetylthiocholme as a substrate [16] m isolation medium m the presence of 0.2% Tnton X-IOO. Detergent was omitted where indlcated. In hypotonie medIa acetylcholinesterase activity was measured m the dual wavelength mode (412 nm/450 nm) (see Fig.4 ). The enzyme actlvity m subcellular fractions from adrenal medulla was inhlblted by 95% when 5 pM BW 284C51 (dimethobromide of 1,5-dl(p-N-allyl-N-methylammophenyl)-pentane-3-one) was present. The enzyme actlVltles glVen therefore represent true acetylcholinesterase. Lactate dehydrogenase was measured in the presence of 0.3% Triton X-IOO by followmg the oxidatIOn of NADH at 340 nm [17] .
Polyacrylamide gel electrophoresls
Sampies for electrophoresis were prepared in 62.5 mM Tris-HCl (pH 6.8) contaimng 0.5% Triton X-IOO, 10% glycerol and 0.002% bromphenol blue as a trackmg dye. Slab gel electrophoresis [18] was carned out usmg an 8% acrylamide (0.16% N,N'-methylene-bisacrylamide) separation gel in Tris-HCl (375 mM, 357 pH 8.8) Triton X-IOO (0.2%) and a stackmg gel containmg 3% acrylamide (0.16% N,N'-methylene-blsacrylamide ) m 125 mM Tris-HCl (pH 6.8), 0.1 % Tnton X-IOO. The gels were polymerized with 0.02% ammomum persulfate and 0.02% TEMED. The electrophoresis buffer contained 25 mM Tns/ 192 mM glycine (pH 8.3) and 0.1% Triton X-IOO. Electrophoresls was carned out wlth a constant current of 35 mA over 6 h (that lS about tWlce the tlme taken for the marker dye to re ach the end of the gel).
Gels were nnsed tWlce with 20 mM Mops pH 7.0, 1 mM EGTA for 30 mm. Then acetylthiocholine (0.5 mM) and DTNB (0.5 mM) was added. Photography was carned out after maximal development of yellow colour (after approx. 30 mm).
Results
Isolation of secretory vesic/es
The distributIOn of protein, marker substances and enzymes m the subcellular fractions obtained dunng differentlal centnfugatIOn of adrenal medullary homogenates lS given in Table I . The relative speclfic activlties of enzymes as weIl as the relative speclflc concentrations of other substances are given m Table 11 .
As judged from the amount of lactate dehydrogenase , acetylchohnesterase, adrenalm and ascorbate m the low speed supernatant SI most of the tissue was broken and the homogemzatIOn procedure was suffiClent to release most of the secretory veslcles. By contrast, the percentage of glutamate dehydrogenase (used as a marker for mitochondna) and of the mlcrosomal marker glucose-6-phosphatase was comparatlvely lower m SI' The presence of a conslderable amount of those marker enzymes m the low speed pellet PI suggests that cell types with different enzyme content exist m the tlssue whieh are characterized by different susceptibilities to homogenizatIOn.
Pellet P 2 , which was used for further purificahon on density gradients, contains mainly secretory veslcles and mitochondria (41% of adrenahn, 37% glutamate dehydrogenase wlth a relative specific concentration of 3.4 and a relahve specific activity of 3.0, respechvely). Ascorbic acid, a constituent of secretory vesicles [11] was found not only in pellet P z (23%, relative speclfic concentration 1.9), but also Values are means ± standard deVIatIon.
m the particle free supernatant S3 (37%, relative speclfic concentration 2.1). Since only 14.2% of the adrenalin remains m S3, presumably originating from secretory vesicles damaged during homogenizatlOn, it can be concluded that ascorbate exists in the cytoplasm as weil as in secretory veslcles. This is m accordance wlth previous findings [19] . Acetylchohnesterase, chosen as a marker for cell membranes, occurs in equal amounts in pellet P2 and P 3 , but is ennched in P 3 (relative speclfic activlty 3.4). The Isotonic denslty gradIent was designed to separate the secretory vesicles recovered in P 2 mamly from mitochondria as weil as from minor contammation by cell membranes and microsomes. The density profile of this gradIent was determined by refracttve index measurements (Flg. 1). Two bands (A and B, see also protein distribution m Fig. 1 ) can be easily distinguished by eye. Band A which centered around fraction 10 (density 1.1 05 g/ml) contamed the highest amount of adrenahn, noradrenalin and ascorbate, which characterize secretory vesicles. The hump of these substances formed m fractions of lower densltles most probably mdicates that some vesicles have lost part of their contents during homogemzation and/or subfractionatlOn. Glutamate dehydrogenase, glucose-6-phosphatase, lactate dehydrogenase and acetylcholinesterase were found m band B (Flg. 1) indlcating that mltochondna, mlcrosomes and rightside-out cell membranes can be removed efficiently from secretory vesicle fractlOns (band A) in the gradient. Acetylchohnesterase activity used as a marker for cell membranes could not be detected m band A when the assay was carned out m isotonic medIa. Rowever, addition of 0.2% Triton X-100 results in a clear hump of acetylcholinesterase activity in band A (Fig. 1) .
The secretory veslcle fraction (fraction SV) was recovered from the gradient and further analyzed (see Materials and Methods). Fraction SV (Table III) contained 24.9% of the total adrenalm present in the homogenate, with a relative specific concentration of 5.19. The amount of adrenalin (2.26 ± 0.31 ~mol/mg protem, calculated from Table III ) and ascorbate (52 ± 13 nmol/mg protem) in the secretory veslcles fraction is in good agreement with the reported data of sec re tory vesicles obtamed by sucrose density gradients (cf. Ref. 20) . The composition of the isolated material therefore compares weil wlth the highly purified secretory vesicles recovered from sucrose gradlents. FractlOn SV dld not exhIbit lactate dehydrogenase acttvity and the low percentages as weil as the low relative specific activltles of glutamate dehydrogenase, glucose-6-phosphatase and acetylcholinesterase characterize the high punty of the secretory veslcle fraction.
Stability of isolated secretory vesic/es
Secretory vesicles (fractlOn SV) release adrenalin during incubation at 37°C. Wlthm the first 10 min of incubation a rapId leakage was observed followed by a slow steady release. After 60 min around 80% of the hormone was still located inside the vesicles (Fig. 2) . Changes of pR (between 6 and 8) dld not affect the stability of the lsolated secretory vesicles. The stabIhty of isolated secretory vesicles over a broad range of osmolalities in buffered sucrose medIa or buffered KCl media was determined after 30 min of incubatIon at 37°C and is shown in Fig. 3 . Whereas at osmolalitIes between 400 and 800 mosmoljkg, .... mosmol/kg. The release below 400 mosmol/kg was slightly higher m KCl media. AdditIon of MgClz (0.2 or 2 mM), CaCl 2 (I.l mM), or 0.2 mM MgCl 2 plus 0.2 mM ATP, m sucrose media or KCl media, respec· tJvely, did not increase the release of hormone from the vesic1es. However, 2 mM MgCl 2 plus 2 mM ATP m KCl media resulted in a considerable loss of mtravesicular adrenabn (Table IV) .
Acetylcholinesterase in isolated secretory vesicles
Aeetylcholinesterase eould hardly be deteeted when assayed in isolatlOn mediUm (420 mosmol/kg), even m eoneentrated fraetions of seeretory vesic1es (Fig.4) . However, addition of 0.2% Tnton X-IOO resulted m a marked inerease m enzyme aetivlty. Similarly, reduetion of the osmolality produeed a gradual merease m enzyme aetJvity (Fig. 4) . On reduetlOn of the osmolabty of the media to 40-150 mosmol/kg about half of the aetJvity observed after addition of Triton X-IOO had arisen withm 2 rmn. To fmd out whether or not aeetylcholinesterase iS released from the vesic1e contents during hypotOnie treatment, seeretory vesic1es were eentnfuged and the percentage of enzyme released was determined in the supernatant (Fig. 5 ). An mereased pereentage of acetylcholinesterase beeame soluble on deereasmg the osmolalitJes of the ineubatlOn media. At osmolalibes around 100 mosmol/kg nearly 40% of the total acety1chohnesterase present in seeretory vesic1es was found in the supernatant. ObvlOusly a membrane- bound pool of acetylchobnesterase eXlsts in isolated adrenal meduHary secretory vesicles as weH as a soluble pool. As shown m Fig. 6 the soluble enzyme present in the veslc1e contents exhibits the same electrophoretlc mobillty as the enzyme found in the perfusate from stlmulated adrenal glands (perfusIOn and stimulatIon wlth carbachol of.glands was carned out as descnbed [3] ). In the veslcle membranes (ghosts) two types of acetylcholinesterase could be detected using polyacylamlde gel electrophoresis in the presence ofTriton X-lOO. One type was Identieal in ItS mobility with the enzyme present in the veslcle contents (probably this fraction is incompletely released during hypotonie lysIs). A second type, wlth different mobibty most likely represents the membrane-bound form of acetylcholinesterase wlthin secretory veslcles. Therefore the difference in enzyme actlVlty found after addition of Tnton X-lOO and during hypotonIc treatment (Flg. 4) is not solely due to the membrane-bound form of acetylchobnesterase but also contams contributlOns from soluble acetylcholmesterase trapped wlthm secretory vesicle ghosts.
In contrast to acetylchobnesterase, sm all molecules (e.g adrenalin) can be released completely from Isolated adrenal medullary secretory vesicles dunng hypotonie treatment (Flg. 3). In Isotomc incubatlon media contammg KCI, soluble veslc1e contents can also be released specifically from secretory veslcles with 2 mM Mg 2 +/ATP (Table IV) . Concomltantly wlth the hormone (62%) a proportional percentage of acetylcholinesterase (25%) (compared to 40% released maximally by hypotomc treatment (see Fig.  5 )) is released from the veslcles. Also 37% of the total protein of secretory veslcles is found m the supernatant (not shown m Table IV ).
Discussion
The secretory veslcles fraction Isolated by differential and Isosmolal denslty gradient centrifugation as described here compares weil with the hlghly purified secretory veslcles recovered from sucrose gradlents judgmg from lts speclfIc activitles of fraction constltuents and marker enzymes, (see Results, compare wlth Ref. 20) . One major advantage of the procedure presented he re IS that the secretory veslcles were not exposed to hypertonie sucrose in gradients, WhlCh could have caused the instabibty of such ves!cles. To minimlze alterations of membrane propertles and the loss of intravesicular contents, sucrose has been replaced prevlOusly by Ludox silica [21] , sucroseFicoll-2 H 2 0 [22] , sucrose-metrizamide [23] and polyvinylpyrrolidone-coated sllica (PercoIl™) [24] [25] [26] .
However, in all the aforementioned mvestigations, 'cmde' secretory veslcle fractions isolated by dIfferential centnfugatlOn and then put onto Isosmolal gradients, were Isolated In 0.25-0.3 M sucrose media. Since the veslcles tend to lyze In such media (Flg. 3) such further punfication of the matenal on isosmolal gradients is of lirnited value (e.g. in one of these InvestJgations, where numerical values of the specific content of adrenalin in the subcellular fractions purified by differentIal centnfugation as weIl as gradient centrifugatIon are given [26] , the secretory fraction recovered from a Percoll gradient actually contaInS only l.5-tImes more adrenalin per mg proteIn than the homogenate). Consequently the amount of adrenalin per mg of proteIn in the secretory veslcles was only 1/5 of that found In thls study (see ResuIts) or in secretory veslcles recovered from sucrose gradients [20] . Also, compared to the conventlOnal sucrose step gradient, the relative specifIc content of veslcular ATP is not Increased dunng further purification on sucrose-metnzamlde or on sucrose-Flcoll- In Percoll gradlents shows that mitochondnal contamInatlOn IS less in the latter than In either of the other preparations [26] . Since secretory vesicles in Ludox sIlica gradients overlap wlth mltochondna [21] only Percoll gradients are suitable to remove mItochondria and other contamInants from adrenal medullary veslcles Isolated by differential centnfugation [24] [25] [26] .
In addition to the high punty of the secretory vesicles Isolated as described in thls report, the stability of the vesicles IS supenor to other preparatIons. As observed In many laboratones further purificatlOn of secretory veslcles on sucrose density gradients gives nse to great fragility when Incubated at 37°C. Even for secretory vesicles Isolated only by differential centnfugatlOn leakage dunng Incubation in 300 mM sucrose media was found to be much hlgher [27] than leakage from veslcles punfied further on Percoll gradients (Fig.2) . Secretory veslcles further punfied on sucrose-metnzamlde gradients Incubated at 37°C In 300 mM sucrose release about 50% of their content wlthin 5 min, followed by a slow further release over the next hour [28] _ By contrast secretory vesicles recovered from Percoll gradlents release only 7.5% of total adrenalin after 5 mm of InCUbatlOn at 37°C, with a gradual release of further content withIn 1 h (FIg.2) .
It is reasonable to assurne, that the observed stabilIty of the secretory vesicles preparatlOn obtained as described m this work, is due maInly to the maIntamance of an osmolality of about 420 mosmol/kg throughout the IsolatlOn procedure, SInce the lower osmolalitIes used m the other procedures causes considerable leakage (Flg. 3). The sensltlvity of secretory vesicles to changes m osmolality has also been observed by other workers [29, 30] _ Ca 2 +, which causes fuslOn of Isolated adrenal medullary secretory veslcles, or Mg 2 +, whlch cannot Induce fuslOn at the concentrations used here [31] [32] [33] , do not affect the stability of Isolated secretory veslcles m sucrose-or KCI-medla (>400 mosmol/ kg, Table IV)_ As was observed earlier with secretory veslcles isolated by differential centrifugatlOn [27] , adrenalm IS set free by an appropriate concentratlOn of Mg 2 +/ATP in KCl media but not in sucrose media. This shows, that also highly purified secretory vesicles deplete theH contents as a consequence of an ATP dnven proton translocation in the presence of a permeant am on [27] .
AcetylcholInesterase was found with ItS actIve slte sequestered wlthin secretory veslcles (latent). Enzyme actlVlty became patent in hypotomc media or when detergent was added (FIg.4) . Part of the total pool of acetylcholInesterase was soluble within the veslcles (l.e., could be released together with adrenalm by hypotonic treatment, Fig. 5 ). Thls soluble fraction, could also be released speclfically from secretory veslcles by Mg 2 + / ATP, as can adrenalin (Table IV) . The electrophoretic mobility of the soluble enzyme was mdistingUishable from the enzyme found in the perfusate of bovme adrenal glands stimulated wlth carbachol. In addition to the soluble enzyme a membrane-bound form of acetylcholinesterase eXists withm secretory veslcles. Thls membrane-bound fraction sediments with the secretory vesicle membranes and exhibits a different electrohoretic rnobility cornpared to the soluble enzyme. A Simple concluslOn IS, that the membrane-bound enzyme becomes mserted into the cell membrane, whereas the soluble enzyme present wlthin the vesicles IS secreted when secretory vesicles are everted during exocytosis. Ca 2 +-dependent secretlOn of acetylcholinesterase by typical chrom affin cell stimulants has been observed by earher workers [3] . However, the source as well as the mode of secretion was obscure since the secreted enzyme was absent m a total membrane frachon of adrenal medullary homogenates, but was present m the particle-free supernatant [2] . Attempts to demonstrate acetylcholinesterase in secretory vesicles wlthm chromaffm cells usmg histochemical techmques have failed [4] . Disregarding possible differences m the sensitivlty of hlstochemical staining compared to duect biochemical analysis, the fallure to detect acetylcholinesterase on the electromicroscopical level may be due to the difficulty in dem onstratmg an electron-dense reactlOn product m secretory veslcles containing an electron dense core.
As chrom affin cells myoblasts in culture release soluble acetylcholinesterase into the extracellular flUld, but mcorporate membrane-bound acetylchohnesterase (as well as acetylcholine receptor) into the cell membrane, the precursors of WhlCh are sequeste red wlthin the cells, wlthin membrane-bound organelles [34] [35] [36] [37] . A similar relahon of enzyme onentatlOn and transport has been found in the hepatocyte for S'-nucleotidase, WhlCh IS present on the inner aspect of secretory vesicles membranes as well as on the outer aspect of the cell membrane [38, 39] .
